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ABSTRACT 
Mercury contamination is a global concern because of its high toxicity, persistence, 
bioaccumulative nature, long distance transport and wide distribution in the 
environment. In this study, the efficiency and multiple-pathway remediation 
mechanisms of Hg2+ by a selenite reducing Escherichia coli was assessed. E. coli can 
reduce Hg2+ to Hg+ and Hg0 and selenite to selenide at the same time. This makes a 
multiple-pathway mechanisms for removal of Hg2+ from water in addition to 
biosorption. It was found that when the original Hg2+ concentration was 40 μg L-1, 93.2 
± 2.8% of Hg2+ was removed from solution by E. coli. Of the total Hg removed, it was 
found that 3.3 ± 0.1% was adsorbed to the bacterium, 2.0 ± 0.5% was bioaccumulated, 
and 7.3 ± 0.6% was volatilized into the ambient environment, and most (about 80.6 ± 
5.7%) Hg was removed as HgSe and HgCl precipitates and Hg0. On one hand, selenite 
is reduced to selenide and the latter further reacts with Hg2+ to form HgSe precipitates. 
On the other hand Hg2+ is successively reduced to Hg+, which forms solid HgCl, and 
Hg0. This is the report on bacterially transformation of Hg2+ to HgSe, HgCl and Hg0 via 
multiple pathways. It is suggested that E. coli or other selenite reducing microorganisms 
are promising candidates for mercury bioremediation of contaminated wastewaters, as 
well as simultaneous removal of Hg2+ and selenite. 
Keywords: Bioremediation; bioreduction; biosorption; bioaccumulation; mercury      
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1. Introduction 
Mercury mainly exists as either elemental (Hg0) or oxidized mercuric (Hg2+) forms in 
nature. Hg2+ is the primary form occurring in water (Ní Chadhain et al., 2006). The 
toxicity of Hg2+ mainly results from the binding of Hg2+ to sulfhydryl groups or 
disulfide groups in proteins and amino acids, leading to inactivation of enzymes (Zahir 
et al., 2005). In addition, mercury can be methylated to methyl mercury compounds 
aerobically and also under anoxic conditions by certain sulfate- and iron-reducing 
bacteria (Gadd and Griffiths, 1978; Bravo et al., 2014). Methylated derivatives are the 
most toxic species of mercury owing to their lipid solubility, bioaccumulation and 
biomagnification through food webs (Ní Chadhain et al., 2006). , not only because of 
its toxicity and bioaccumulation, but also because of its persistence and wide 
distribution in the environment (Tavares et al., 2016) 
Mercury is one of the most toxic metal elements which is not essential to organisms, 
and the U.S. Environmental Protection Agency (USEPA) has placed it on the primary 
list of 129 hazardous chemical substances (Zhang, 2014).  
The commonly used model bacterium Escherichia coli, including genetically 
engineered strains, has been widely investigated in environmental microbiology, 
including in the area of mercury and selenium transformations (Pazirandeh et al., 1998). 
For instance, a modified strain of E. coli possessed enhanced uptake limitations for 
mercury (Bae et al., 2001). E. coli can also mediate selenium transformations such as 
the reduction of selenite to selenide (Turner et al., 1998). If Cd2+ is transported into E. 
coli, subsequent reaction with Se2- can result in synthesis of CdSe (Yan et al., 2014). 
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Mercury and cadmium are in the same column in the Periodic table, and have some 
similar chemical properties. It can be hypothesized that the bioreduced Se2- produced 
by E. coli could be employed to capture Hg2+ in solution.  
However, the reaction of Hg2+ with selenide is more rapid and therefore may be a more 
effective mechanism for Hg2+ removal from water. Moreover, it is of great interest to 
capture Hg2+ with Se2- or remove selenium and mercury simultaneously, because it 
should not be overlook that selenium is an important co-existing element with mercury 
in mercury mining area (Zhang, 2014; Zhang et al., 2014). 
 
Mercury contamination is a global concern because of its high toxicity and global 
transport. Microbial bioremediation methods have often been proposed as a potential 
approach to remove mercury ions from water, because of assumed low cost and high 
efficiency especially at low concentrations. Some microbiological bioremediation 
methods have already been successfully used to remove heavy metals including Hg2+ 
(Herrego et al., 2005; Gadd, 2010; Yin et al., 2016). Although Biosorption and 
bioaccumulation of Hg2+ have been extensively studied (Gadd, 1993), these 
technologies have not been successfully applied to engineering application so far 
because serious problems with separation of small size microbial cells from water and 
release of mercury from the bioadsorbent after cell death. Much research has also 
focused on MerA-mediated bacterial reduction of Hg2+ to Hg0 and subsequent 
volatilization of the Hg0. However, a major problem is that unless trapped, mercury 
usually recycles back to the environment in the form of mercury vapour (Wang et al., 
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2012). Thus, better methods for mercury remediation should involve trapping of 
elemental mercury or precipitation which would prevent volatilization (Xiong et al., 
2009; Sinha and Khare, 2012). Recently, a few studies show that bacterially generated 
Se0 can been used to immobilize Hg0 based on their reaction (Belzile et al., 2006; 
Johnson et al., 2008; Lee et al., 2009; Fellowes et al., 2011; Yang et al., 2011; Jiang et 
al., 2012; Wang et al., 2016).  
In the present study, a versatile bacterium Escherichia coli that can remove mercury 
from water via multiple pathways was reported. This special E. coli can effectively 
remediate Hg2+ contamination by biosorption, bioaccumulation, bioreduction-
volatilization immobilization of by Se0, precipitation as HgCl, and formation of HgSe 
by reaction of Hg2+ and Se2- at the same time.  
In this study, removal of Hg2+ through selenite reduction by E. coli was investigated. 
Changes in Hg2+ concentration in solution and Hg0 in the ambient environment were 
measured. Mercury biosorbed or bioaccumulated by E. coli was also extracted and 
measured. The mercury-containing precipitate was collected and characterized by 
scanning electron microscopy and energy-dispersive X-ray spectrometry (SEM-EDS), 
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). This research 
shows that most of the supplied Hg2+ was removed from solution through the formation 
of HgCl, Hg0 and HgSe, and only a very small fraction was biosorbed or 
bioaccumulated. Moreover, only a small fraction of mercury was volatilized into the 
ambient environment. It can be concluded that E. coli, or microorganisms with similar 
properties, may be excellent candidate species for Hg2+ bioremediation and the 
{PAGE   \* MERGEFORMAT} 
 
simultaneous removal of mercury and selenite from contaminated waters.  
2. Materials and methods 
2.1 Incubation of bacterium   
The facultative anaerobe Escherichia coli (GIM1.223), purchased from Guangdong 
Microbiology Culture Centre, was anaerobically cultivated at 30oC in nutrient broth in 
serum bottles. Anaerobic conditions were achieved using a Whitley DG250 anaerobic 
workstation (Don Whitley Scientific, Shipley, England). After a 5% (v/v) inoculation, 
growth of E. coli under anaerobic conditions was recorded.  
2.2 Resistance of the bacterium to Hg2+ toxicity 
Resistance of E. coli to Hg2+ was examined. Bacterial cells were grown at 30oC in the 
nutrient broth with various concentrations of Hg2+ (applied in the form of HgCl2 of 
analytical grade) and the absorbance at 600 nm of the culture after 18h exposure to 
mercury was measured (Cui et al., 2009). The OD600 of E. coli cultures was 
comparatively analyzed to assess its resistance to Hg2+ toxicity.  
2.2 Hg2+ removal by E. coli from water 
E. coli (5%, v/v) was incubated in 100 mL nutrient broth for 18 h at 30oC to reach the 
stationary phase (OD600=0.88). 5 mL aliquots of the E. coli culture were transferred to 
93 mL fresh nutrient broth in serum bottles, cultured in an anaerobic workstation for 18 
h, prior to 1 mL Na2SeO3 and 1mL HgCl2 being added to the medium. The final 
concentration of Na2SeO3 was 15.8 mg L
-1 (200 μM) and the final concentration of 
HgCl2 was 40 and 200 μg L-1. Na2SeO3 and HgCl2 stock solutions were sterilized by 
filtering through a 0.22 μm hydrophilic polyestersulfone membrane filter (Xingya, 
Shanghai, China). At different time intervals, samples were collected and filtered with 
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0.22 μm hydrophilic polyestersulfone membranes. SeO32- and Hg2+ in solution were 
determined by Liquid Chromatography Hydride Generation Atomic Fluorescence 
Spectrometry (LC-HGAFS) (Jitian, Beijing, China). Mercury- and selenite-containing 
nutrient broth without inoculation of E. coli was used as a control. 
2.3 Hg0 volatilization   
To check whether Hg2+ was bioreduced to mercury vapour and volatilized into the 
ambient environment, an experiment was carried out in a 500 mL jar to measure such 
Hg0 using a mercury analyzer (Lumex RA915+, Saint Petersburg, Russia) (Fig. 1). 
Firstly, E. coli (5 mL) was transferred into 93 mL fresh nutrient broth containing 200 
μM selenite and 40 μg L-1 HgCl2. The jar was then sealed with a rubber stopper and 
removed from the anaerobic chamber. The Hg0 vapour in the jar was measured every 2 
h by recording the concentration of Hg0 for 5 min at each sampling time to calculate an 
average value. A KMnO4 solution (5%, w/v) was used to capture mercury-containing 
waste gas. For the mercury analyzer, the high concentration mode was selected and an 
additional cell for analysis was used: the sample flow rate was set 1.0 L min-1. Another 
experimental treatment was added which contained 1.5 wt% NaN3 to inhibit E. coli. In 
order to investigate the reductive effects of E. coli, 40 μg L-1 HgCl2 and 40 μg L-1 HgCl2 
with 1.5 wt% NaN3 in nutrient broth were separately incubated. Medium containing 40 
μg L-1 HgCl2 without E. coli was used as an abiotic control. 
2.4 Mercury associated with bacterial biomass 
N2 was used to purge the medium for 10 min to remove Hg
0 and the bacterial cell pellet 
was collected to measure mercury adsorbed to and accumulated in E. coli. The culture 
{PAGE   \* MERGEFORMAT} 
 
was centrifuged (6700 g × 15 min) and then washed once with Milli-Q water. After 
recentrifugation, the pellet was suspended in 5 mL Milli-Q water and sonicated 
(Hengao Technology, Tianjin, China) for 10 min to desorb the mercury loosely bound 
to E. coli. The cell suspension was then filtered using 0.22 μm hydrophilic 
polyestersulfone membrane filters and the mercury in the filtrate was measured by LC-
HGAFS. The cell pellet was used to measure mercury accumulated in the E. coli cells. 
The cell pellet was suspended in 5 mL HCl (5 mol L-1) for 10 h, and then sonicated for 
2 h with shaking several times throughout this period. The suspension was collected by 
centrifugation (8500 g × 15 min, 4oC). 2 mL filtrate was transferred to a 10 mL tube, 
and 6 mol L-1 NaOH was added drop by drop to modify the pH to 5-7. After this, 0.1 
mL L-cysteine solution (10 g L-1) was added to the filtrate which was then diluted with 
Milli-Q water to 5 mL and then filtered using a 0.22 μm hydrophobic membrane filter. 
Mercury species and concentration were determined by LC-HGAFS. Three controls 
were also performed. E. coli with 15.8 mg L-1 selenite, 40 μg L-1 HgCl2, 1.5 wt% NaN3; 
E.coli with 40 μg L-1 HgCl2, and E. coli with 40 μg L-1 HgCl2, 1.5 wt% NaN3 were 
separately incubated in nutrient broth, and the bacterial pellet was collected to measure 
mercury concentration as described above. A reagent blank without addition of the 
organism was treated in an identical manner. 
2.5 Characterization of the cell pellet and precipitate  
The precipitate was characterized using SEM-EDS, XRD and XPS. For SEM-EDS, the 
precipitate was collected by centrifugation (9700 g x 15 min), washed with Milli-Q 
water three times, frozen at -80oC for 4 h, and then freeze-dried in a vacuum freeze 
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dryer (Labconco, Kansas, USA). Samples were coated with gold using a Emitech K575 
sputter coater (Emitech Ltd., Ashford Kent, UK), and examined with a scanning 
electron microscope (Zeiss Super 55VP, Oberkochen, Germany) at accelerating 
voltages from 15 to 35 kV. Elemental analysis was carried out using energy-dispersive 
X-ray spectrometry (Bruker XFlash 5010, Berlin, Germany).  
For XRD, samples were centrifuged (9700 g × 15 min) and then washed twice with 
Milli-Q water and acetone, respectively. After recentrifugation, samples were frozen at 
-80 oC for 4 h, and then freeze-dried. XRD spectra were obtained using a Bruker D8 
diffractometer (Bruker, Karlsruhe, Germany) with a Cu anode (40 kV, 30 mA) scanning 
from 5 to 800.  
XPS analysis was used to identify the binding energies of different forms of mercury 
and selenium on the surface of the precipitate, and XPS samples were prepared as 
described for SEM. XPS were recorded on powders with a Thermos ESCALAB 250Xi 
spectrometer (Thermo Fisher Scientific, Massachusetts, USA) using an Al Ka 
monochromatized source. Surface charging effects were corrected with a C 1s peak at 
284.8 eV as a reference. Curve fitting and decomposition were achieved assuming 
Gaussian-Lorentzian fitting following Shirley background subtraction. 
2.6 Reagents  
All chemicals and reagents used in this study were of analytical grade. Nutrient broth 
was from Aobo Xing Bio-tech Co., Ltd. (Beijing, China). HgCl2 was from Sino Pharm 
Chemical Reagents (Shanghai, China), HgCl2 solution was prepared as a 1 g L
-1 stock 
solution in Milli-Q water (18 MΩ cm-1), HCl (7%, v/v), HNO3 (2.4%, v/v) and K2Cr2O7 
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(0.5 g L-1) was added into the stock solution to maintain the oxidation state of mercury. 
Na2SeO3 was supplied by Guang Fu (Tianjin, China) and prepared as a 500 mM stock 
solution in Milli-Q water.  
2.7 Statistical analysis 
All experiments were carried out in triplicate; error bars on figures show the standard 
deviations. 
3. Results and discussion 
3.1 Resistance of E. coli to Hg2+   
The {  HYPERLINK "http://dict.cn/facultative%20anaerobe" }  E. coli grew well under 
anaerobic conditions (Fig. 2a). E. coli shows good resistance to Hg2+ (Fig. 2b). Almost 
no inhibition was observed when Hg2+ concentration was below 40 μg L-1. However, 
when the concentration ranged from 40 to 80 μg L-1, the inhibition increased with 
increasing concentrations of Hg2+. Growth of E. coli was completely inhibited when the 
concentration of Hg2+ was above 80 μg L-1. Since Hg2+ concentration in most aquatic 
environment is at ng L-1 or several μg L-1, this E. coli can be used for remediation of Hg2+ 
contaminated water.  
3.2 Hg2+ removal efficiency 
Concentrations of Hg2+ and selenite in the medium decreased sharply as the E. coli grew 
(Fig. 3, 4). About 99.2 ± 0.34% and 93.2 ± 2.8% of Hg2+ was removed from solution 
upon addition of 200 μg L-1 and 40 μg L-1 Hg2+, respectively. Selenite with an initial 
concentration of 15.8 ± 0.9 mg L-1 was completely removed from solution in the 
presence of 40 and 200 μg L-1 Hg2+. There was little changes of Hg2+ and selenite 
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concentrations for the control. 
3.3 Hg0 volatilization  
The amount of mercury which was volatilized into the ambient environment was 
estimated by integration of the Hg0 concentration-time curves (Fig. 5). It was found that 
mercury was readily volatilized into air. For the control, 93.4 ± 8.1 ng (2.3 ± 0.2%) 
mercury was volatilized into the ambient environment compared with 291.9 ± 23.9 ng 
(7.3 ± 0.6%) for the experimental treatment. It was found that E. coli could reduce Hg2+ 
to Hg0 vapour while the addition of selenite inhibited volatilization of Hg0. When 
supplied with NaN3, Hg
2+ reduction decreased because of the inhibition of metabolic 
activity by E. coli. Over 24 h, the Hg0 concentration decreased to below 5 ng m-3 which 
was similar to concentrations in the ambient environment (3.88 ng m-3). 
3.4 Fractions of mercury in the biomass  
The species and concentration of mercury in the bacterial cell pellet were classified into 
two fractions, biosorption and bioaccumulation. Methyl mercury (MeHg) and 
ethylmercury (EtHg) were not detected. Only Hg2+ was found and the concentration 
values of Hg2+ for biosorption and bioaccumulation are shown in Table 1. When 
supplied with 15.8 mg L-1 selenite and 40 μg L-1 Hg2+, 132.6 ± 4.2 ng (3.3 ± 0.1%) of 
Hg2+ was adsorbed to cell surface and 81.5 ± 19.4 ng (2.0 ± 0.5%) of Hg2+ was 
accumulated intracellularly. The supply of selenite slightly increased the fractions of 
biosorption and bioaccumulation. Inactivation of the cells by NaN3 increased the 
mercury biosorbed or bioaccumulated. 
3.5 Chemical state of Hg and Se  
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Comparison of the SEM micrographs of E. coli in the absence (Fig. 6a) or presence of 
Hg2+ (Fig. 6b), showed that in the presence of mercury and selenite, particles appeared 
inside the cells. EDS revealed the existence of Se0 particles (Fig. 6c) which is consistent 
with the red/orange colour produced. Moreover, some other particles were also formed 
which were mainly composed of mercury and selenium according to EDS (Fig. 6d, e). 
Ten particles were selected as shown in Fig. 6d, and the relationship between the atomic 
concentration (at %) of selenium and mercury were calculated. The atom ratio of 
selenium and mercury found in these particles was 1.23 (Fig. 6f). Apart from these, 
some bright droplets were also detected inside the cell in SEM micrographs (Fig. 6g), 
which are suggested to be elemental mercury based on the EDS analysis (Fig. 6h).  
Distinct peaks were found in XRD spectra indicating that the majority of mercury was 
present as HgCl (PDF#01-0768) (Fig. 7). HgSe (PDF#65-2892) was also observed in 
the XRD spectrum.  
Fig. 8a shows the XPS survey spectrum, showing obvious peaks mainly attributed to C, 
O, Hg and Se. Fig. 8b shows the high-resolution XPS spectrum of C 1s. This shows an 
asymmetric peak with a tail between 282 and 291 eV which is a good indication of the 
presence of C=O, C-O and C-C groups. The high-resolution XPS spectrum of mercury 
(Fig. 8c) can be curve-fitted into three pairs of Hg4f peaks at 99.5, 100.8 and 101.8 eV, 
all of which have a spin-orbit splitting of the 4f 7/2 and 4f 5/2 states of 3.9 eV. Mercury 
could therefore be present as Hg0, Hg2Cl2, HgO and HgS according to published 
standards (Brinen and McClure, 1972; Nefedov et al., 1980). The Se 3d XPS curve in 
Fig. 8d shows broad signals ranging from ~52 to 57 eV which indicates the coexistence 
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of different selenium chemical environments in the cell pellet/precipitate. The peak-
fitting for Se 3d is also shown in Fig. 8d. The Se 3d5/2 and Se 3d3/2 binding energy was 
observed at 53.5 eV and 54.3 eV, respectively, which is in good agreement with the 
binding energy values previously reported for Se2- (Miyake et al., 1984; Nelson et al., 
1991). The Se3d5/2 and Se 3d3/2 binding energy was observed at 54.6 eV and 55.4 eV, 
respectively, which is in good agreement with the binding energy values previously 
reported for Se0 (Mårtensson et al., 1982). The results of XPS revealed that mercury 
occurred as Hg0, Hg1+ and Hg2+, while selenium was present as Se0 and Se2-. 
Previous work has reported that E.coli can exhibit a high resistance to selenium and 
cadmium (Yan et al., 2014). Even though mercury is toxic and not essential to 
organisms, some bacteria can also exhibit resistance to mercury. In this work, it was 
found that growth of E.coli was not inhibited below 40 μg L-1 Hg2+, so it is feasible that 
this bacterium could be used in the treatment of low concentrations of mercury. In order 
to remove Hg2+ from solution, E.coli was cultured with HgCl2 and Na2SeO3 in liquid 
medium. After about 1 h, the medium changed to a red/orange colour due to the 
formation of elemental selenium which was confirmed by EDS measurements. 
Moreover, the addition of mercury did not inhibit selenite reduction and almost all of 
the selenite was removed from solution. It is known that, E. coli can reduce selenite to 
selenide, the mechanism of which being considered to be related to glutathione 
metabolism (Leinfelder et al., 1988; Turner et al., 1998). After 18 h, E.coli reached the 
stationary phase of growth when glutathione would be synthesized. The formation of 
glutathione can be regarded as a detoxification mechanism because it can reduce 
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inorganic materials to biologically less toxic forms (Apontoweil and Berends, 1975; 
Greer and Perham, 1986). With the synthesis of glutathione, selenite taken up by E.coli 
was reduced to selenide, some of which was further transformed to Se0. However, some 
of the selenide could be captured by Hg2+, and the EDS results demonstrated the 
formation of HgSe. Selenide rarely exists in natural environments. It has been reported 
that Cd2+ inside E.coli could capture selenide resulting in the formation of CdSe, which 
has been used to synthesize CdSe quantum dots (Yan et al., 2014). Mercury and 
cadmium are in the same column in the Periodic table, and the properties of these two 
elements are similar to a certain extent. It is likely that bioreduced Se2- could also be 
employed to capture Hg2+ from water, and this study supports this assumption. In 
previous work, selenium has been used to capture mercury because of the formation of 
HgSe, with the atom ratio between selenium and mercury being close to 1 (Yang et al., 
2011). In the present study, precipitated particles mainly contained selenium and 
mercury with an atom ratio, calculated according to EDS spectra, of approximately 1.23, 
which also suggested the presence of HgSe. The atom ratio between selenium and 
mercury is a little higher than 1 possibly because of the effect of Se0 which was formed 
when selenite was added. The XRD patterns also demonstrated the formation of HgSe. 
Thus, these experiments have shown that bioreduced Se2- can react with Hg2+ leading 
to the formation of HgSe. The present study is consistent with previous studies, Truong 
et al. (2014) found the formation of inert HgSe by Desulfovibrio desulfuricans in the 
presence of selenite and Hg prevented the entrance of Hg into the cell as well as reduced 
the bioavilability of Hg for biomethylation. 
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SEM-EDS and XRD also revealed the formation of HgCl and elemental mercury 
droplets, with XPS demonstrating the presence of Se0, Se2-, Hg1+, Hg2+ and Hg0. This 
is because a fraction of the Hg2+ was reduced to Hg0. Hg2+ is a main species of mercury 
in aquatic solution, and HgCl2 is a common compound of mercury. However, HgCl 
does not regularly exist in the environment and is rarely reported in papers. Nazhat and 
Asmus (1973) found that HgCl2 could be reduced by hydrated electrons and reducing 
radicals to form HgCl. Hg2Cl2 is a more common compound in the environment which 
is formed by dimerization of HgCl (Nazhat and Asmus, 1973). Both Hg2Cl2 and HgCl 
form precipitates in aquatic solution which can therefore stably exist in the environment. 
In this study, a consequence of the reaction between selenite and glutathione was the 
production of superoxide (Turner et al., 1998; Bébien et al., 2002). Superoxide is a very 
redox-active species owing to the presence of an unpaired electron and has been 
reported to be involved in the reduction process. Superoxide is able to reduce silver 
ions with resultant production of Ag nanoparticles (Jones et al., 2011). Superoxide can 
also mediate Fe(Ⅲ) reduction resulting in the production of iron(Ⅱ) (Rose and Waite, 
2005). Thus we can hypothesize that superoxide may be connected to the reduction of 
Hg2+. This may also be related to light, because light-induced transformations of 
mercury species also occurs in the environment (Nriagu, 1994). The mechanism of 
these processes are not yet clear, and more research is needed to further understand the 
mechanisms involved.  
In this study, Hg2+ was not only reduced to Hg+, which is precipitated as HgCl, but also 
reduced to elemental mercury (Hg0) droplets. Previous work has already reported the 
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formation of mercury droplets. Pseudomonas putida was used to remove mercury from 
contaminated water and soil, and it was found that some mercury accumulated in the 
gel matrix of immobilized beads as mercury droplets (Okino et al., 2001). Sinha (2011) 
found that mercury transformation by an Enterobacter sp. resulted in simultaneous 
synthesis of mercury nanoparticles which prevented mercury recycling back to the 
atmosphere (Sinha and Khare, 2011). This is in agreement with this study where small 
mercury droplets were synthesized, but only 7.3% of mercury was volatilized into the 
ambient environment. 
Biosorption and bioaccumulation are two important methods for mercury removal from 
solution. A large number of bacteria have been reported to be capable of mercury 
biosorption, and bioaccumulation of mercury is a well-known phenomenon in aquatic 
environments and considered to be the main mechanism for human mercury exposure. 
A lack of specificity and lower robustness of biomass based systems are often cited as 
major disadvantages for biosorption, and biosorbed mercury could readily to go back 
into the environment (Gadd, 2009; Fomina and Gadd, 2014). A major drawback of 
bioaccumulation is inhibition of cell growth which will influence mercury removal. 
Biosorption and bioaccumulation of Hg2+ were detected in this work and accounted for 
3.3 ± 0.1% and 2.0 ± 0.5% of removal, respectively, which is small and did not 
significantly inhibit the overall removal of Hg2+ from solution.  
The method described in this study can be applied to simultaneous removal of mercury 
and selenite. Selenium is another common potentially toxic pollutant (Dungan et al., 
2003). Selenium contamination is frequently present in mixed metal polluted waste 
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(Hockin and Gadd, 2006), and selenium pollution in mercury mining areas must be 
considered (Zhang, 2014). Mining activities have led to a large amount of mercury and 
selenium being released into the surrounding environment (Horvat et al., 2003). 
Selenium released into local paddy soil mainly arose from the leaching of selenium 
from mercury-mining waste (Zhang et al., 2014). Although biotechnologies that can 
remove mercury or selenium separately have been developed, no technologies have 
been developed that simultaneously remove mercury and selenium using a single 
species of microorganism. A cost effective microbiological method as described in this 
work could be a useful approach to clean up wastewater contaminated by mercury and 
selenium. However, high efficiency of laboratory experiments does not means similar 
performance for real waste water treatment in large scale, since more environmental 
parameters have to be taken into consideration under real conditions. Thus more work 
are necessary in the future.  
4. Conclusions  
It was demonstrated that selenite-reducing E.coli could remove Hg2+ from water via 
multiple pathways with the formation of HgCl, Hg0 and HgSe. 93.2 ± 2.8% of the 
supplied mercury was removed from solution through such transformations. It was 
found that ~3.3 ± 0.1% was adsorbed to E. coli, ~2.0 ± 0.5% was bioaccumulated, ~7.3 
± 0.6% was volatilized into the ambient environment, and the remaining ~80.6 ± 5.7% 
was precipitated. It is suggested that E.coli could be an effective microorganism for 
Hg2+ and selenium removal from contaminated water. 
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Table 1. Amount of mercury associated with biosorption and bioaccumulation 
processes in mercury removal by E. coli. 1.5 wt% NaN3 was added to inhibit the 
metabolic activity of E. coli. Experiments were carried out in triplicate, and the values 
shown are means of three measurements ± standard deviation.  
 
  
 Biosorption Bioaccumulation Total 
 Hg2+ (ng) wt% Hg2+ (ng) wt% Hg2+ (ng) wt% 
E. coli + Hg2+ 44.5±5.4 1.11±0.14 43.5±7.5 1.09±0.19 88.0±12.9 2.20±0.32 
E. coli + Hg2+ + NaN3 111.5±18.8 2.79±0.47 32.8±15.1 0.82±0.38 144.3±33.9 3.61±0.85 
E. coli + Se4+ + Hg2+ 132.6±4.2 3.32±0.11 81.5±19.4 2.04±0.49 214.1±23.6 5.35±0.59 
E. coli + Se4+ + Hg2+ + NaN3 535.3±24.5 13.38±0.61 200.8±39.7 5.02±0.99 736.1±64.2 18.4±1.61 
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Figure Legends 
 
Fig. 1. The experimental setup for analyzing Hg0 volatilization into the ambient 
environment. 
 
Fig. 2. Growth of E. coli under anaerobic conditions without Hg2+ (a) and the 
dependence of biomass production on the concentration of Hg2+ under anaerobic 
conditions (b). Error bars (n=3) represent the standard deviation. 
 
Fig. 3. Changes in Hg2+ concentration in medium with or without E. coli (control) as a 
function of incubation time in the presence of 40 or 200 μg L-1 Hg2+. Symbols 
represent: (□) Hg2+ in control, initial Hg2+ concentration 200 μg L-1; (■) Hg2+ in the 
presence of E. coli, initial concentration Hg2+ 200 μg L-1; (▽) Hg2+ in control, initial 
Hg2+ concentration 40 μg L-1; (▼) Hg2+ in the presence of E. coli, initial Hg2+ 
concentration 40 μg L-1. Error bars (n=3) represent the standard deviation. 
 
Fig. 4. Change in selenite concentration in medium with or without E. coli (control) as 
a function of incubation time in the presence of 15.8 mg L-1 selenite and 40 or 200 μg 
L-1 HgCl2. Symbols represent: (□) selenite in control, initial Hg2+ concentration 200 
μg L-1; (■) selenite in the presence of E. coli, initial Hg2+ concentration 200 μg L-1; 
(▽) selenite in control, initial Hg2+ concentration 40 μg L-1; (▼) selenite in the 
presence of E. coli, initial Hg2+ concentration 40 μg L-1. Error bars (n=3) represent the 
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standard deviation. 
 
Fig. 5. Hg0 volatilized into the ambient environment as determined using a Lumex 
RA915+ mercury analyzer. Symbols represent: (■) Hg0 volatilized into the ambient 
environment in the presence of 40 μg L-1 HgCl2 and 15.8 mg L-1 selenite. (●) Hg0 
volatilized into the ambient environment in the presence of 40 μg L-1 HgCl2, 15.8 mg 
L-1 selenite and 1.5 wt% NaN3. (▲) Hg0 volatilized into the ambient environment in 
the presence of 40 μg L-1 HgCl2. (▼) Hg0 volatilized into the ambient environment in 
the presence of 40 μg L-1 HgCl2 and 1.5 wt% NaN3. (◆) Hg0 volatilized into the ambient 
environment in the uninoculated control, which contained 40 μg L-1 HgCl2. Error bars 
(n=3) represent the standard deviation. 
 
Fig. 6. SEM micrograph of E. coli and SEM-EDS micrographs of E. coli in the presence 
of selenite and Hg2+. (a) SEM micrograph (scale bar = 1 μm) of E. coli. (b) SEM 
micrograph (scale bar = 200 nm) of E. coli after growth in the presence of 15.8 mg L-1 
selenite, 40 and 200 μg L-1 HgCl2. (c) EDS spectrum of the particles shown in (b). (d) 
SEM micrograph (scale bar = 200 nm) of E. coli after growth in the presence of 15.8 
mg L-1 selenite, 40 and 200 μg L-1 HgCl2. (e) EDS spectrum of the particles shown in 
(d). (f) The relationship between the atom concentration (at %) of selenium and mercury 
in ten particles shown in (d). (g) SEM micrograph (scale bar = 2 μm) of E. coli grown 
in the presence of 15.8 mg L-1 selenite, 40 and 200 μg L-1 Hg Cl2. (h) EDS spectrum of 
the droplets shown in (g). Typical micrographs are shown from one of several 
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determinations. 
 
Fig. 7. XRD pattern of the precipitate from E. coli inoculated medium with the addition 
of 200 mM selenite, 40 and 200 μg L-1 HgCl2. (a) XRD pattern of the sample; (b) 
Standard XRD pattern of HgCl (PDF#01-0768); (c) Standard XRD pattern of HgSe 
(PDF#65-2892). Typical patterns are shown from one of two determinations both of 
which gave similar results. 
 
Fig. 8 XPS spectra of the precipitation. (a) XPS survey spectra; (b) high-resolution XPS 
spectra of C 1s; (c) high-resolution XPS spectra of Hg 4f; (d) high-resolution XPS 
spectra of Se 3d. Symbols represent: dot line refers to experimental spectrum; solid line 
refers to interpolate spectrum; dash line refers to fitted peaks; dash dot line refers to 
background. Typical results are shown from one of several determinations. 
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